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A FIRST LOOK AT ORBIT DETERMINATION
FOR THE CASSINI M I S S I O N

PART 1: INNER SOLAR SYS1 EM THROUGH PROBE DELlVERY

Anthony H. Taylor*, Rodica Ionasesctr’,  and Robin M. Vaughan’

Ilris paper sumnmim.s  the first  round of orbit detcrnlination  analysis accomplished
as part of navigation studies for the Cassini mission. Thrust of the analysis has been
to charactcriz.c  opcraticrl}al orbit rie.tcnoination  accuracy to first order  for sclecrcd
phases  of the mission, and as such, the Tc.suits }lcIc arc a rqmwmtative snapshot of a
continually evolving state of krlowlc.dgc of Cassini  orbit dctc.rmination. hmrlLs  arc
prcscntcd  for four phases: the inner solar systcm flybys of Venus and Earth,  the
approach to Saturn, the IIuygcrrs Probe dc.live.ry to Titan, and reprcsrxitativc  orbits
from the Saturn tour. Simulations and a priori assonlptions  arc dc.scribed, including
se.lcc[ion and schcdo]ing  of data types, modeling of spacecraft dynamics, and filter
configuration. Current c.stimatcs of mbit dcternlirration  accuracy arc given along
with results of experinm.ntation with various scc.narios. Scrmitivitie.s to error sotrrccs
arc discussed. This paper is divided into two parts: Part 1 Mats the first thtcc. phases,
from the inrmr solar systr.m through the IIuygc.ns PIobc delivery, and Part 2 covers
the Saturn I“our.

IN1” REDUCTION

Accura[c orbit dcbmninrrtion  is an imprmant ingre.dicnt  for the. surxc.ssful  completion of the Cassini
mission. The Cassiui  Orbi(cr with its }Ittygcns  Plobc is scheduled for launch in Oclobcr  of 1997 into a
trajcztory  which will carry the combined spacecraft through gravity assist flybys of Venus (twice), Earth,
and Jtrpitcr  before arrival al Samrn in June of 200-1 when it will begin a 4-year tour of the, Saturn system
(See Figures 1 and 2). During the firw orbit arormd Saturn, lhc Httygcns  PJobc separates from the Orbiter
and enters Titan’s atrnosphcrc  21 days later to impact the surface. l’hc Ortsitcr  contintrcs  the tour,
accomplishing mtrltiplc  close encounters with ‘l”itan. Several encounters with the smaller, icy satellites arc
also accomplished. Each of the.sc mission phases prcsc.nts  different challenges to the operational orbit
determination process of using radiorncwic  trzickhg and onboard optical data to accurately cslimate  spacecraft
tmjectorics  in the prcscncc  of crIors. Orbit knowlcrlgc  is nccdc.d for spacecraft safety (e.g., not hitting
Titan), cfficicnt  use of fuel (large trajectory knowhxtgc  errors could result in premature depletion of fuel and
conscqtrcrrl  cnd of the mission), prediction of cncountcr tr-jcctorics  and unccrraintic.s  for scicacc  and mission
planning, and rcconstrtrction  of trajcctoric$  and trnccr~ainucs  for scicncc  data reduction,

An initial round of analysis for operational Orbit Determination (01)) has been complctcd  and is
summarized here for major phases of the mission. Data covariancc  analyses using simulated data in
programs similar [o operational OD sof[warc were used to gcncra(c orbit  ttrlccrtahtks for rcprcscntativc
trajrxtorics in each phase. Onc of the goals of these analyses was to dctcrminc  OD capabilitic.s  and
sensitivities to parameter errors; another was to dctcrminc  whether lCSS data could be used than currently
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required in order to lower opcra[ions costs. Cost reductions could also bc rc.dizcd if rcquircmcuts  for .somc
of the “cnhrumd”  radiomcmic  data types such as l)l~ercrrced Doppler and ADOR could bc drop~xxi.

In the following sections, assumptions and rcsrrlts  arc sulnmari~cd  for the inner solar systc.m flybys of
Vcmus and F,arlh, the approach to Saturn, and the }luygcns  Probe delivery to Titan. q“hc Saturn orbital tour
pha.sc will bc covcrcd in a sccol~d  parl of this paper. The only major areas not acldrcsscd,  bccausc  the.y have
not yet been studied,  arc the Jupiter flyby and the icy srrtcllilc encounters.
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Figuro 1 Intorplanotary  phaso from launch Figuro  2 Arrival at Saturn and Cassini
until arrival at Saturn. Orbital tour.

INNER SOLAR SYSTEM — VENUS AND EAFITH FLYBYS

There arc currently three launch periods for the Cassiili  mission, each with different trajcc[ory
characteristics for the irmcr solar systcm  pha.sc. l“hc prime mission launch occurs in October 1997; Cassini
then flies a Venus-Venus-F,artll-Jl] pitcr Gravity Assist  (VV}UGA) trajectory, ‘I”hc secondary launch pc.riod,
two months later in Dcccmtrcr  1997, is associated with a VIII{GA  trajcciory,  and the backup launch period
in March 1999 is associated with a different VIWGA trajectory. ‘1’hc 01) analysis was dorm for the prime
mission. Analysis for the secondary and backup missions has yet to bc undertaken, but most major results
from the prime mission can bc carried over to the other two.

‘l”hc thrust of the, analysis was to de.tcrminc  the basic 01> capability in terms of orbit knowlc.dgc  at the
last trajectory control time before each ftyby. C)thcr areas were addressed as well, which included
scnsitivilics  both to variations of a priori covar-ianccs  and rcduc[ions of the amount of tracking data, A
large uncxxtain[y is undcsircablc from a fuel u.scagc standpoint bccausc il rcquirm  a large mane.uvcr after the
flyby to clean up the delivery error. It is also rrndcsire-able from a safety standpoint for a CIO.SC flyby. Ttrcrc
is currently no explicit rcquircmcnt  on the size of the 01) delivery uncertainty, but for the purpose of the
anal ysis 50 km (1 o) was used as a standard against which [o measure performance. This  is the uncertainty
which just dcplctcs the navigation AV allocation for the inner solar  syslcm phase.
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setup

Figure 3 shows the porlions  of the VVEJGA kajcctory used in the covariance study. A launch date of
27 October 1997 was chosen from the prinm launch period (6 -30 October 1997).1 ‘1’wo indcpcndcnt  data
arcs, whose trajs.xtoric.s  were fixed by this launch drrtc, were stark?d  90 da ys before lhc Venus 1 and Venus 2.
flybys (Venus 1 occurs aboul  7 rrlonlhs  afm the asstrnlcd  launch date; Venus 2 is about 14 months after
Venus 1). q’hc Venus 2 arc leads into the approach to Earlh, and so the I{arlh  I’CSU]LS were obtained by
continuing along the second arc without any rcinitiaiization. ~’hc flyby altitndcs  for this particular
lmjcctory were 4208 km for tbc Venus 1 progradc flyby, 300 km for the Venus 2 retrograde. flyby, and 1204
km for the progradc  I%rth  flyby, but the altimdc.s  vary conside]tibly  across the launch period.

L

Figure 3 Ecliptic planci  trajectory plots of the approach to Vmus 1 (VI), Vmus 2 (V2),  and
Earth (E) flybys. Vernal equinox is along x axis.
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Tabia  2 : Baseline maneuvers

Manouvor
-—. — :.=

2
3
6
7
8

9
10

V1-60d
V1-20d
V2-60d
V2- 20d

V2+10d/
E-44d
E- 30d
f-10d—..————

Nominal AV

(m<?.)

1.8
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0.11

68.

6.3
0.15

Table 3: Baseilne  data schedules and weights on approaches to flybys
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q'hcbawlinc  conditions for blh(lata arcs arcgivcni  n3`ab1csl  -3. In3’ablc l,paran]ctcr  sarescparatcd
into cstirmtcd and cmsidmcd catcgorics,  where the comidcred  parameters simulate systematic cmors in
modeling which arc not improved by the fil[cr. 3’Iu3 a priori uncertainties of the non-gravitational
accclcmtiolis  acting  on the spacecraft  (cxmpt for h maneuvers) arc d ividcd  bctwum  these categories in ordc,r
toroughl  yaccoun  tforincornplctc  n~ticlirlg  arising  from ttlcusc ofullco~l[)lcd  atlitl]dc contioldlrus@rs  arid
poor characterization of the action of solar radiation on the spacecraft surfaces and of acceleration duc to
thermal radiation. Additior\ally,  pafioftic  mlin~~itcd llon-graviRtion:ll  ])aranie.tcrs  arcw~[e.d  stm.tlastically.
‘I’hcroot-sum-of  -squarcso  fall ltlcnc)n-graviLlliorlai  lJararlictcru  rlccrLninlicsa  nlot]rltst  o4.7xl0-12kl!l/s2,
which isabcrut 8%oflhc  nominal accclcrationat  Vcmrsduct  odirccts  olarprcssurcalonc.  l“hcunccrtainty
oftllis  unccr~inty is fairlylargc,  sosoll]c ofthccxIw.riri) crltatior]  dc,scribed  bc]owvaric  sthescassumptions.
‘I”hc other consider pararnctcr  unccrminticx  approximately rcftcct  current capabili[ics.

The nominal sizes of the ~“rajcctory  Correction Maneuvers (TCMS)  from which a priori AV
uncertainties arccalculalcd  arcgivcnin  Tablc2. Mancuvcrs prior  to Vcmls  1 and ?. ftybysarc  fairly  small
because of the length of each approach and the ability to cxccutc. the TCMS WCII  ahead of the flybys, but the
short arc of about 54 days betwccn Vcnus2an dEarth,couplcd  with thctrajcctory  dispcrsionat  Vcnus2,
require large rnancuvcrs  with corrcspcmding  large effects on the 01) as will bc sc.cn bcfow.  l’his  PULS
additional inqmrtanc  conthcODdclivcryat  Vcrlus2, sirlccsrllallcr  dis]wrsioils  will krcflccicdinlokti
smaller AV requirements and better 01] knowledge post Vc.nus.
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Data types and quantities required by navigation arc given in l’able 3 (except that Precision Range is
not currently required+  ). Only standard X-band Doppler and range data were used in the ba.sclinc  case, but
cxpcriliicllts  were done using the additional data types to w if their usc is justified,
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* qfic “Diffcrcncd  Rmtgc”  data type. is required but operationally cxpcnsivc  bccau.sc it rcxprircs two station
sinnrltanccnrs  ranging. Precision Range. is nearly cquivalcn[  in funclion  and pcrfornialicc.  and nrxxfs only a
single tracking station at a time. ‘1’bus, the rcquircnmnt  for Iliffcrcncul  Range will probably bc rcplaccd  by
a rcquircrncnt  for Precision Range.
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Variations and Results

Figure 4 gives the list of experiments that were accomplished relative to the baseline setup and the
results in terms of the size of the 01> error at the last maneuver time before cad] ftyby. l“hc 01> error is
cxprcsscd as the sixc  of the. semi-major axis of the 10 error ellipse in the 13-phmc. (See Appendix). 01>
pcrformaacc  was found to bc fairly robust for all rcasonrrblc  variations, and the delivery uncertainties arc
WCII bctow the adopted 50 km rcfcrcucc and thus adequate for each flyby.

The poorest performance is found at Venus 1, duc in par[ to the small ab.solute declination (6< 10”)
over most of the approach, as seen in Figure. 5. l’hc gcome.try is more benign for Vcrms 2 and Farth. ~“hc
Doppler data loses much of its power to dctcrminc  declination from the diurnal signature bccausc  of the WCII
known approximate dcpcrrdcncy  of the unccrtain(y  on 1 /sin(/i).2  Worse, platform modeling errors such as
station  locations, or errors which can ma.squaradc as platform errors in the diurnal signature, such as media
dciays, can actually drive the solution away from the correct declination. Such was found to bc the case for
the approach to Venus 1 in an early phase of the analysis; data added beyond VI--30 days caused the
uncertainty 10 dramatically incrcasc  through the action of the considered station location and media
parameters on the Doppler signature. lhis was “c.urcd” by dcwcighting the Doppler - assuming 1 mm)s
noise (Icr) instead of the 0.1 mm/s used  on the other two approaches. The prcfcrab]c way to rcmc.dy this
problcm is LO improve modeling, but this can cost money, and in this instance dcwcigh[ing  may bc the,
more prackrl  –- although not opdmum -- nic.thod,

-1oo -80 -60 -40 -20 0 20 40
Days from VI ,V2 flybys

Figure 5 Spacecraft goocontric  declination for the
to Vcmus  1, Venus 2, and Earlh.
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The “Range-only” variations on the ba.sclinc were done mainly to dctcrminc  the capability of range data
to indcpcndcntly  gcncratc  good 01> solutions as a cross-cbcck against Doppler data, It is not unusual in
opcmtions to find that solutions using different subscL$  of data types disagree significantly; if onc of the
subsets can bc idcnlificd  m erroneous, then the others  can bc used. “Doppler-only” variations were run for
the same reason. Figure 4 shows that range data alone provide.s an cxccllcnt  cross-check against Doppler for
the Venus 1 approach, but pcrforlns  ICSS well for the other approaches.

To dctcrminc the feasibility of reducing data quantity, the baseline solution was rcpcatcd using ?.5% of
the number of schcdulcd  range and IMpp]cr tracking passes. 1,ittlc  difference was .sccrr  in the results for
Venus 2 and Earlh, but for Venus 1 the uncertainty increased from 16 km to 25 km. Ilrc Doppler-only and
Range-ordy scenarios were also repeated at tlvxc rcducc.d pass rates.. Again, the results varied substantially
bctwcmr the data arcs, with the Range-only case performing abysmally for Venus 2. and F2ulh, brr[  about the
.samc as the DOpplcr-only  crrsc at Venus 1.
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Rxpcrimcnts  with enhanced data types were done by augmenting the baseline will] thcm (cxccpt  that
Precision Range rcplaccd  normal range inslcad of augmcrrling  it). q’hcsc data lypcs were also used
indcpcndcrrtly  to cvahrale their capability to cross-check Doppler and Hinge.

I“hc Precision Range (PR) data type consisls  of ordinary range data that is better calibrated and with
which a different filter tcchniquc  is used: a smtion-by-sta[ion,  pass-by-pass range bias is cslima[cct.
Precision Range implicitly USGS long baseline.s (e.g., by interspersing tracking passes from northcm  and
southern hcmisphcrc  stations and by trdcking  over long passes at a single station) to yield angular accuracy
approaching that of VI J11.3 Its pcrfonnancz.  dots not dctcrioratc.  at zc.ro declination. Figure 4 shows that
baseline results with Precision Range changed negligibly, but that PR-only solutions performed somewhat
better than Range-only solutions for all thrw flybys. In cxpcrimcnts  not shown here, I’k-only solutions
using 25% of the passes in Table 3 gcncratc  considerably bcucr results than the corresponding Range-only
solutions (25 km vs. 52 km for Venus 2; 3?. km vs. 62 km for Eanh).

Diffcrenccd  Doppler (1X1) is obtained by diffcrcncing normal  cohcrcnt IJopplcr  mcasurcmcnts  made
simultancarsiy  from two stations. I.ikc Precision Range, its performance can also approach that of VI ,1{1,
cxccpt  that it is subject to the same zero declination problcm as Doppler.4 ~’his prob]cn]  is dc.monstmtcd
for the solutions at Venus 1. Pcrformancc was good for the }larth  cncourltc.r. I/or Venus 2., the pcrfcmnancc
was comparable to that of I%ecision  Range.

Delta-Differential One-way Range (AIDR) is a diffcrcnccd  spaccmrft-  quasar  VI .111 nicawrcmicl)t which
yields cxtrcmc]y  good angular accuracy, but brings consi(icrab]c  operational complexity and cost with it.
ATX3R performed comparably with D]) and PR at VCJWS 2 and Earth, but better than for any other scenario
at Vc.nus 1 (cxccpt that AD OR-onl  y performed pod y).

Sensitivities to errors in non-graviLMional accc.tcrations.,  statiou  locations, and media calibrations were
explored. All non-gravitational accclcralion  cnors  were incrcascd  by factors of 2, from a RSS total of 870
up to about 64940 of the nominal acceleration duc to direct solar pressure. ‘1’hc station location covariaaccs5

about 20 cm uncertainty, highly corrcla[cd  - were rcplaccd  by uncorrclateli  covariarlccs  of about 50 cm
uncertainty. Ilrc baseline trolnsphcrc  and ionosphc~c  media effects were multi]dicd  by a factor of 4. Of all
these, the acceleration variations for Venus 1 gcmxa[cd  the largest chrrrrgcs  in result%

Scenarios were sclwtcd from the above cxpcriwie.ats  to drwionstratc  OD unce.rtaintics  as a function of
tirnc relative to each flyby. For Venus 1, rhc “Non-gravs*2”  scenario was chosen as a slighdy conservative
example. For Venus 2 and Hard],  the “25% IJopplcr/RanEc”  scenario was sclccte,d.  The rCSU]LS arc shown
in Figures 6 8. Thcxc ilhrstratc  the entirely different characteristics of each approach. Of particular interest
in the Earth approach is the large effect of the maneuver errors al Ii-44 and Ii- 30 days. Although the
rccovcry  timm arc quick and not greatly affected by the reduction in tracking data, it is obvious that the
cncountcr  will bc operationally challenging. The, B-plane error cllip.scs  at the final maneuver times (before
r~iancuvcr crlors  arc applied) arc shown in F’igure, 9, scaled up in ordc.r to bc visible in the figure.

In summary, OD dclivcrics  for the prirnc missioa VVWGA trajwtory can bc accompt ishcd comfortably
within  the self-adoptti 50 km 1 G critc.rion,  and relaxation of rcquircmcnts  on tracking data can bc suppcrrtcd.
‘1’hc rcquircmcnt  for Doppler/range tracking passes can bc safely cut in half for Venus 2 an[i Ranh,  but
probably should bc kept at the current lCVCI  for Vcmrs  1 considering the sensitivity 10 non-gravitational
accelerations and the short lime after  launch (7 months) in which to characterize these and other aspects of
spacecraft performance. qhc Diffcrcnccd  Doppler and AIJOR data types do not seem ncccssary,  primarily
bccausc  they add litllc  capability compared to the operational COS1 and complexity added by simultaneous
tracking from two stations (particularly for ADOR, which brings a hosl of other rcquiruncnts  into the
protdcm as WCII). USC of Prccisiorl  Range, howcve.r, is probably justifiable be.cause of the. improved cross-
checking capability il brings to the rcduccd data sccmarios  versus relatively small operational costs  and
complications.

Variations of the prime mission tmjcctory  duc to different launches within the launch period should
have small effect on the KXWILS given here. ‘l”hc secondary aad backup missions have not yet bar analyzul,
but the broad rcsuhs should bc the same with the following major cxccption:  there arc a fcw flybys in
which the declination problcm  is worse than for Vcrrus 1. In tkr.sc  ins[ancxx,  Dopidcr could prove nearly
USCICSS in dclcrmining  dcclina[ion,  and it nmy bc dcsircablc  to rliaintain  a rcquircmcnt  for ADOR as a
compliment to range data.
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APPROACH TO SATURN

Following the trajectory for the prime. mission, the Cassini  spacecraft wilt approach the Satun]  system
in the first months of 2004. C1OSCSL approach to Saturn will occur on 25 June 2.004 at which time the
Saturn Orbit lnscrtion  (S01) maneuver will bc ocrforlncd to r)lacc the st]acccraft in its  initial orbit  around

the planet, For the pu;Imse:s  of 01} analysis, tic  Satunl  app~oach  phas; was assurncd  to cover the period
beginning at SOI- 90d and continuing to SOI+ 7d. ‘I”hc spacecraft trajectory for this phase is shown in
I(igrrrc 10. llrc plot on the left in the figrrrc covers the entire approach period; the plot on the right shows
only the two days around SOI but includes the orbits of the first 7 satellites, Mimas through IIypcrion.
Significant events during approach inc]udc  a flyby of the satellite Phoebe at SOI- 19d, the final Saturn
targeting maneuver at S01- 17d, the SOI maneuver itself and a “cleanup” rnancuvcr at SOI+ 5d.

..—

Saturn

A\

/
S01-90  d

./
Phoebe

4
10 Sun

/“”-”””” \“”/-
Saturn & Rings Hyperion’

\ \
/

Mimas - - Erceladus

%

\
SOI+ 1 d Titan-. ,
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GTethys
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‘“Rhea

\ SO1-ld 4$)10 Sun. /

Figure 10 Cassini  Saturn approach trajectory as seen looking down from Saturn’s north pole.
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Optical navigation data will bc introduced in tk mission’s 01> analysis during the Saturn approach
pha.sc.  The optical data will consist of mcasurcmcnts  of the posilions  of the Saturn satellites agirinsl
known star backgrounds in images takcm by the spacccraf~’s came.ra(s). I“hcsc data will bc combined with
standard radiomctric  navigation data to improve the Cslinlalc  of spacecraft tmgct-relative position. The
satellite cphcmcridcs  will also bc update.d as part of the 011 estimation process.

‘l”hc primary objcclivc  of the 01) analysis for the approach phase was to characterize the basic
capability as rcprcscntcd  by spacecraft trajectory knowledge uncertainly jusl before the SOI- 17d and SOI
maneuvers. Unccrtaintics  in satellite positions  were also cxarnincd.  OIJ performance for cases using only
radiomctric  or optical data was invcsligatcd  to compare the contributions of the diffcrcnl  data types. l“hc
radio only case was also of interest as a failure .sccnario assuming the spacecraft’s cameras were inopcmblc.
For this scenario, the u.sc of cnhanccd r~diomctric  data types was considered. l“hc effects of reductions in the
amount of optical and radiomctric  data were also addressed as were scmsitivitics  to variations in the treatment
of the optical data.

Table 4: Baseline a priori covariances  for Saturn approach
——. —..  .————. —— .—.. — .. ———..  .——.. -.— ..— .—.. —.. —.——..

1 l... -_ . . . .
—.-—-. —

Name Uncertainty (10) Commrrnts. . .  —. ——. ——. —.——. -...—— .—— -——— ——. . ..———

Esfimatod  paramatws:

Fpacecrafl  epocKZGGZ——
Satwn  (planet) ephemeris

Stochastic non-g;vitational
acceleration— — — . . . — . — .
Constant non-grav
~cceleration — — .
Solar radiation pressure
coefficients

——. ..—e —
SO1-17d & SOl+5d  Manwvors

—
SOI Manouvor

Satellite ephemerides and
masses, Saturn systenl ntass
and Saturn J? gravity
harmonic

——
iloliocenfr~ spacecraft
position: 400 km por
axis,
velocity: 0.1 m/s per
axis
Saturn epoch position:
RSS 239 km

————--
LI.69Xl  Cr12 km/s2
..__. ———
D.69xl Cr 12 km/s2

—-—: —...——.
5.4”/0 radial
1 .0% transverse

1.7’70 of nominal AV

——..
10/. of nominal AV.—— —_.. —.———--
RSS 9osltion sirimas for

each sa[ollito  -
L)iono: 1387. km
Rhea: 1430. km
lltan: 1151. km

Hyporion:  1450. km
Iapotus:  2168. km
Phoebo: 9402. knl—.-—.......——

———
Corrolallons  of spacecraft slate
pararnotors  with Salurn  epoch
stato parameters included for
analysis in Saturn barycenterod
cmordinatos. Saturn ephemeris
covariance  at Iovel expected fof
ground-based solutions in
2004.
~;=~~atchos, 1 day -

tin,o conslant.

Por axis, diagonal.

. . . .. ——. —.————
Percentage of nominal
acceleration. Nominal =

0.23 x1012 km/s? a! Saturn. — . _——
Por axis. Norr)lnal AVS: 0.75 m/
for SO1-17d, 50 m/s for SOI+5C
Per axis. Nommal AV: 610 m/s..————-
Correlatod  whore acmrrocwiate
for satollita  dynamic ‘motion
modol (intogralod  Carlosian
orbits and variational partials).
Covarlance  a t  Iovol expoctod  fol
ground.based solutions in 2004.
Software currfrntly  limited to 6
satellites.-—————. ——. -

Considered parameters— — — .  — . ..—... ——.
Constant non-grav I O.69X1O” 12 km/s2 I [’or axis, diagonal.

.

Z:$3:$+=
acceleration

‘-:735zt:(f0rA’ -Ouasar posilion

Satellite image conlerfmdmQ proportional to satellite ima9e

error dlamotor;  effective error 40 km
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I D a t a  Froauoncv I I

Data Type

~’~ SiLIMa i
Commonts

———cc.

Baseline Radiomefric  data

‘em=PT’m7 ‘  ‘as”d’yr’=l’’or’zon ‘0  ‘0’-’=(60 s count) Alternate norlhorn  and

!--Y! _YL..mA,w~m*southern hemisphoro  stations.

Ranqe —  :lss/da _l~ss/da-.. — ——.

~wo-station
Difference
~oppler  (DC))
D i f f e r e n c e  -

wide.band  VLBI

LzzL_____

Nar(ow angle
(NAC) or wide

angle (WAC)
camera images

Titan images

Icy satellite
ima~os _

; pass/wkl

31wk

——-

6/day

15 WAC
120 NAC
45 WAC
141 NAC_

J.qrrwnrod Radiomorric  dafa
)ass per ~mm/s ~Alterna!e  north-south and

?_-:

(60 scount) east-west baselines. 1

Base/ine I
81day

M NAC

11? NAC

Fica/  dafa

0.5 pixel 1/3 targoned  for Titan;
remainder tar~otted  for one

of 8 icy satellites:
(NAC6prad/pixel: WAC 60

yrad/pixel)

Diona, Rhea, }Iyperion,
Iapotus, Phoobo

Setup

l"t~cbawlinc conditiol~s  forttlc SatLlrl~a~Jl~rc]ach  OIlcstil~~ation  arcsun]n~arizcd  in’I’ablc4.  In this
case, the spacecraft epoch state and Samrn epoch stare parameters arc intitally  corrclatc.d  since the cstima[.ion
is performed in a coordinate systcm  with origin at the Saturu system baryccatcr. The assumptions for

Lrcalmcnto fnon--gravitational  accelerations and wlarprcssLlrc  paran~ctcrs  arcsin~ilar to(llo.w ustifortt~c

Vcnusand liarth f l yby  ana lys i s .  I’hcduwm ancuvcrsar  calsohandlcd inamanncrs imilarto  that u.scdin
[hcprcviou  sanalysi  scxccptlhat  thcvalucs  forthcassociatcd apriori unccratintic sarcsomcwha tdiffcrcnt.
lhc sinx and pcrccntagc  unccrlaintics  shown in the table rcprc.scml the best c.cximatcs available at this time.
It should bc noted that the uncertainly for the SOI maneuver is by far the largest duc to the size of the
vclcrcity  change required to guarantee capture into Saturn orbit,

Parameters modeling the motion of the satclli[cs  arc included in order to process the optical data. The
planet and satellites arc trcamd as a multi- body dyi]amic  systcni  .gcncrating dcpondcl]cics  among the sa(cllitc
epoch states, Satura systcm mass, satellite masses and the Saturn J2 gravity harmonic parameters.
Additional consider parameters arc also inc!udcd  to sirnula[c  systematic errors in proccssirrg  these data, ‘1’hc
image proccming algorithms attempt to extract the ccntcr  of the satellite image from the lit disk or cr~sccnt
visible in the picture. This process is considerably more difficult for a body with an atmospbcrc  such as
3“itan than for the other icy satellites lacking arl atmosphere. For this reason, the ccntcrfinding  error
consider parameters for Titan images have a larger a priori uncertainty than tho.sc for the icy satellite
i magcx.

The data types and assumptions on the quantity and quality of each type used in the approach OD
analysis are summarimd  in Table 5. Raclio tracking pawcs  arc schcdulcd  each day during this period; op[ical
navigation pictures arc also schcdulcd  on most days. Duc to a limitation in the OD software,* images of
only six satellite.s could bc included in the optical data arc. Ilic  six ou[cr[nost  satellites -- I)ionc,  Rhea,
Ily]wrion,  Titan, lapctus  and Phoebe - have bCCJI chosen; this set includes salcllitcs  both inside and

* l“his limitation will bc removed in the operational version of the 011 software.
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outside of Titan’s orbit and the satellites with targcst  rnassm. Although Table 5 specifics the quantity of
optical navigation data as number of images per day, there arc some periods where no oplical  navigation
images are scheduled to give priority to othc.r spacecraft activities. These include gaps of= 1 day for the
SOI- 17d and SOI+5d maneuvers, a gap of =2 days around the SOI rnancuvcr  and a gap of = 1 day around
Phoebe closest approach at SOI- 19d.
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Figure 11 B--plane error ellipse parameters
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Variations and Resuits

OD pcrfom~ance for the baseline case using Doppler, range and optical data is shown in Figure 11.
Results are presented in terms of spacecraft state tmccrkainlim mappcxt  to the Saturn 13-plane at SOI. The
spike in these curves at SOI is a transient effect duc to the incorporation of the large SOI maneuver
uncertainty. The behavior of these curves before SOI is the primary focus of the OD analysis. Of
particular interest are the predicted OD errors at the data cutoff times of SOI-- 18d and SOI-5d, I?mse culoff
times represent the latest opportunities for updating the OD solutions before the last Saturn targeting
maneuver and the SOI maneuver itself. Figure 12 shows the 10 B-plane error ellipses at these two tirnm;
the error ellipse at SOI-30d is also shown for comparison. As for the Venus and Earth flybys, there is
currently no explicit requirement on the size of the OD uncertainty during the approach phase. The
predicted baseline capability of 35.7 km for the B- plane semi- major axis at SOI-18d and 27.4 km at SOI-
5d should be more than adequate to meet the current mission objectives for this phase.

\\ SO-S d(27.4x 25.3 km)
\

/
S0-3  0d(4Eil x 35.9 km)

e

\

S0.1 6d(35.7  x 26.8 km)

-r

“+--—+— ‘ +
‘~

1 2 7 8
-1

I
(x105  km)

1- s

R
(xl Os km)

Figure 12 Error ellipses (lo, scaled  up by 4000) in the B-plane

coordinate system for Cassini  Saturn approach. ( T
axis in Saturn equatorial plane of date. )
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Figure 13 Satellite ephemeris convergence as a function of timo for Saturn approach. FiSS
of position componont  uncerlaintios  mapped to current timo aro plotlod.

The Saturn approach optical data will provide the firsl oppcrrlunily  to upda[c the satellite, cphcrncridcs
from the ground- based orbit solutions. Figure 13 show’s the predicted improvement in position
uncertainties for the six satellites included in the baseline OD estimate. The RSS value of each satellite’s
position component uncertainties at data cutoff tirrics  throughout the approach phase arc plotted. All
satellites show a continuous dccrcasc  in position uncertainty as rnorc optical data is incorporated. Within a
few days of SOI, all satellite position uncertainties have been reduced to4080 km. Tikln has the smallest
uncertainty prior to SOI due to its smaller a priori uncc,rtainty and to the larger  nurnbcr  of optical data
points used in the cstirnation,  A large reduction in Phoebe’s uncertainty occurs after the ftyby on SOI- 19d,
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Figure  14 B- piano semi- major axis and down track uncertainty (1 o) as a function of timo for

cases using only radiomotric  or optical data for Saturn approach.

Figure 14 gives a comparison of 01> performance using only radiomctric  or Oplical data against the
baseline  case. The curves in this figure clearly illustrate the contributions of each data type to the overall
OD capability. Oplical data is required to reduce the B-plane semi- major axis to a few tens of kilometers
by SOI-5d. The radiomctric  data can only reduce  this to a fcw hundred kilonlctcrs  in the same time period.
Conversely, radiomctric  data is requirccf to reduce the downtrack uncertainty which is related to the time of
Saturn C1OSCSL approach. The downtrack uncertainty remains above 100 km until SOI--lOd using only
optical data whereas values under 100 km arc achieved after SOI-30d using radiornctric  data. l’hc baseline
case reflects the benefits of both data types, performing as well or better than the other two cases
throughout the entire data arc.

Figure 15 gives the results of othc.r variations from lhc baseline case investigate.d for this study.
Values of the semi--major axis of the lcr Samrn 11--plane error ellipse at SOI- 18d and SOI- 5d arc ploltcd.
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The variations can bc grouped into four sets as indicated in the figure. The firsl two sets address OD
performance using only radiornctric  data. l’hcsc  cases explore sensitivity to the station location and
atmospheric media consider partunctcrs  and potential improvcrncnt$  from the addition oft wo crrhanccd data
types - Diffcrenced  Doppler and DDOR. The results of these simulations indicate that the a priori station
location uncertainty is the most important factor influencing OD performance in the radio only scenario. A
reduction by a factor of 2 in the R- phrnc semi- major axis can be achicvcd  by excluding these parameters or
by using a more realistic a priori uncertainty which includes correlations bctwccn  station locations at the
different sites. In contrast, relatively little improvement is obtained by adding Diffcrcnced  Doppler or
DDOR to the basc]inc  Dcrpplcr and range data regardless of the treatment of the consider paramictcrs.  ~’hc
current rcquircmcnts  for these data types during the approach phase can probably bc eliminated. Although
not evident in Figure 15, standard range data also plays a major role in approach OD performance by
reducing the downtrack uncertainty. At SOI- 18d, lhc case using only Doppler data has a downtrack
uncertainty of 227 km; this is rcduccd to 54 km when range data is added.

S a t u r n  A p p r o a c h
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Ooppler only

Dop, Flng, DD
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Figuro  15 Comparison of 10 B-plane error ellipse semi–major axis for
variations in approach OD analysis.

‘1’hc third set of variations for this analysis is conccrncd  with the optical data, Sensitivity to the
ccntcrfinding  error consider parameters is addressed along with the relative influcncc of the l“itan images as
compared to the images of the icy satcll  itcs. The values shown in Figure 15 confirm that the Titan
ccntcrfinding  error consider parameters make a significant contribution to the overall OD error. A 10 km
reduction in B-plane semi-major axis is achieved when the ccntcrtlnding  crr’or consider parameters arc
cxcludcd from the estimation. An improvement in performance compared to the baseline case is also seen
when only the icy satellite imagcxs  arc used, Conversely, B- plane errors incrcasc  from the baseline value.s
when only l’itan  images are included. l’hc.sc results highlight the importance of the on- going cfforl to
improve the Titan atmosphere model used in processing the optical navigation pictures. l’hc Titan data can
bc of greater benefit if ccntcrfinding errors can bc rcduccd below the lCVCIS  assumed in this analysis. Flrturc
studies should also invcsligatc  better characterization of these centcrfincling errors in the OD filtering
process. If problems with the Titan optical data cannot bc climinatti, it appears feasible to usc only icy
satellite images for all or parL$ of the approach data arc.

I“hc final set of variations to be prcscntcd involve reductions in the amount of data used in the OD
estimation. Simulations were done using data arcs that rcduccd  the amount of mdiomctric  and/or optical
data by a factor of 4 from that used in the baseline case. Ihc values in J;igurc  1 S show that there is very
little change in OD performance when the amount of Doppler arrd range data is dccrcascd.  Some reduction
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in the rcquircmcnk  for ractiomctric tracking passes during approach seems feasible given the rcsulLs  of these
cases. A performance degradation is observed, however, for the cases where the number of optical
navigation images is decreased, 11-plane semi- major axis values increase by 41 YO at SOI- 30d, 25V0 at
S01- 18d and 48% at SOI–5d when fewer images arc included in the estimation. l’hc impact of this
degradation is unclear at this time since there arc no true requirements on the approach OD accuracy. It may
be acceptable if a significant reduction in opcratioml  COSL$  would result by taking fewer optical navigation
pictures.

HUYGENS PROBE DELlVERY

After the SOI maneuver in June 2004, the combined Cassini-  Huygcns  spacecraft enters an cxtcndcd
orbit whose major axis is about 90° off the sun line as shown in Figure 16. A periapsis  raise maneuver is
accomplished near Saturn apoapsis,  and the combined spacecraft begins the approach to Titan. About21
days before Titan, the Huygcns  probe and the Orbiter separate from each other, leaving the Probe orI an
impact trajectory. Two days later the Orbiter performs a large deflection maneuver in order to move off the
impact trajectory and incrca.se  spacing so that it arrives several hours after the Probe. I“hc Probe enters
Titan’s atmosphere 155 days after SOI, in November 2004, and the Orbiler follows, rccciving  and recording
tclcmctry  as the Probe descends throu~h  the atmosohcre  and imuacts  the surface, The Orbiter continues by
Titan, making a closest approach of 1 ~(Xl km altittidc.  ‘

Sun

f Probe Delivery Separation
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. . . /
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Figure 16 Nominal First Orbit and Trajectory for Huygcms Probe Delivery.
Trajectory plane view.

I’hc nominal first orbit is shown in Fiimrrc 16. The analvsis  was based on an earlier scenario in which
the orbit was similar but rotated countc~-clockwise abou~ 25” closer to the sun-line. I“hc trajectory
diffcrcnccs  should have little impact on the major r&.su]L% Tables 6 through 8 give the conditions used for a
data arc which begins about 10 days before Saturn apoapsis.  Although Diffcrcnccd Doppler and ADOR data
types were included in baseline solutions. lhc Doppler and optical data types were the work horses for 01},
with Dopp]cr tying the spacecraft to the system  baryccntcr  through the gravily signatrrrc, and the Optical
data tying the spacxxraft  to Titan. Removing Diffcrcnccd  Doppler and ADOR had an indistinguishable effect
on the results. Removal of the range data also had negligible effect. A limitation of this analysis is that
only Titan optical data was sirnulatcd;  none was used for the other satellites. Inclusion of the Other

satellites may improve Titan-relative 01> somewhat, since correlations between their cphcrncridcs and
l’itan’s  should act to improve Titan- relative navigation.
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Table 6: A priori covariances

Narno I Uncertalntv  (10) i Comments

Eslimafed  parame?ars
Epoch state lPosttion: 150 km I Per axis

Velocity: 60 mm/s
Ma nouvo rs Soe Tahlo 7 Per axis.—.—
Saturn ephemeris Position: 1190 km RSS (Correlated covariance).

Velocity: 14 mm/s .Consorvafive———
Svstom mass [GM) 100 kr#l s?

Salurn  J2 .001— — .
Titan ephemeris Position: 900 km Per axis.

Velocity: 4 m/s
Titan mass

—
10 km31s2—.

Stochastic non-gravitational 2x I0-I? kmls2 Por axis. 2 day batches, 2 day
acceleration time constant,

Considered parameters
Optical center-finding error, “m

——. — —.
I Per axis (pixel & line).

I 12 km/s2

Station locations 145 cm spin radius ] Uncor(elated
45 cm z-height
46 cm Ionqitude—..—— _ — .  ———..

Quasar fmsition
——

50 x 10-9 F{ad For ADO~ R.A. & Des

Troposphere 6 cm 7enith  ranqe delay

Tabie  7 : Maneuver errors (lo)
.—

Maneuver

= (Periapsls  Raiso Maneuver)
PRM Cleanup
PDM (Probe Delivery Maneuver)
Probe separation
Deflocllon  Maneuver
Deflection Maneuver Cleanup
Orbiter Dolivo~Mancuvor-.—... ————

Time
(days)

T - 6 8
1 - 5 3
T - 2 3
1 - 2 2
1 - 2 0
T - 1 5
T - 5———

A V e r r o r
(mmls)

7000
120
20
10

750
15
’20_——

Table  8 : Data schedules and weights

rData TvDe I
__.....-–—.~W~l~;~~flCom  mertts.—

Schedule,, . . . . .
Coherent Average 1 passrday unbl 0.5 mm/s Horizon to horizon passes. 2
Doppler T-36d;  then continuous. (60s count) hour count.

‘%rno as Dop~–-–-—”
.-—

100m Same passes as Dopplor.
1 point per pass._ _ - — — .  — .  . .——

Optical 4/day until T- 7d; then 6X106M Narrow Angle Camera

— — — — – . . . — . —ll_I!@l__..,none. — — —  . . - .
Dif ference 1 per 2 days 0.2 mm/s 3 hour count.
Doppler (60s count), _ _ _ _ — — . . ——..
ml 1 por 2 days 15 cm Alter;ate north-soulh  and ‘—

east-west baselines.———— -—.
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Onc of the objcclivcs  of the OD analysis was to dctcrminc  the ~’itan-  relative uncertainty as a function
of t.imc. This information is used in the mission design process of choosing the Probe scparrrtion lime.
l“hcrc arc two competing desires in choosing the separation time: 1) rclwrsc the Probe as late as possible so
that the delivery uncertainty is smallest, and 2) rclcasc the Probe as early as possible so that the Orbiter can
safely maneuver away from the impact trajectory. Figures 17 and 18 show the sim of the Titan ccntcred
target plane error ellipse and dowrrtrack  uncertainty as a function of time. F’igurc 17 shows results for the
Probe-Orbiter combination when no nlancuvcrs  arc, cxecutcd  after the Pcriapsis  Raise Maneuver cleanup at
l’(itrrn)  -53 days. For a given data cut-off, the 01> knowledge is frozen, a Probe Dc]ivcry Maneuver is
designed and executed ba,scd on this knowledge, after which the Probe Separation Mancuvc.r  occurs. The
total delivery error to l’itan for the Probe, then, is the 01} unccrtairrly  at lhc data cut- off time combined
(RSScd)  with maneuver cxrwrtion  errors amounting to about 40 km. For a data cut-off at T-25 days, this
yields a lcr error ellipse with a .scmi- major axis of ]56 km aligned along 1’, and a semi- minor axis Of 48

k m .

-40 .35 -30 -25 -20 -15 -10 -5 0
my, rmll Plur* Eu,lry

300

250

200

150

lWI

50

0
-40 -35 -30 .2.5 .20 -15 -10 -5 0

rhp flu,,,  PfOb f.,llty

Figure 17 1 itan centered B-plane for Probc- Figure 18 Titan centered B–piano for Orbiter
Orbiter combination as a function of with maneuvers at 23, 22, 20, and
time. 5 days before Probe entry.

Figure 18 shows the Orbiter uncertainties for the choice of T’--25d  data cut-off. Etascd on a data cut-off
at T-25 days, the Orbilcr  and Probe separate at 1’--22 days after which time the Probe delivery error is fixed
at the values given above. The Orbiter cxeeutc.s the Deflection maneuver at T-20 days, resulting in a 1 cr
error of about 1800 km. Within 5 days the 011 know]cdgc  rccovcr’s with tracking data to approximately the
lCVC1  prior to the maneuver. A cleanup maneuver rcrnovcs the errors induced by the Deflection maneuver
and tweaks the final Orbiter delivery. I’hc Orbiter 10 error ellipse for a data cut- off at 1“- 5 days (which is
at or near the last delivery time) has semi- axes of 35 and 31 km.

A rcprcscntativc  11-plane geometry for the Probe and Orbiter dclivcrics  is shown in I;igurc  19. ‘Mc
Probe is currently targeted to a point 80° counter- clockwi.sc  from the T axis at a radius from the origin
which corresponds to an entry angle of 64* at the intcrfacc  altitude of 1270 kn~.* Also rnappcd  into the It_
plane arc the desired lower and upper limits for the Probe entry angle. The nominal Llrgct in the figure was
chosen in an early scenario in order to accomodatc  a skinny crlor ellipse (not shown) bctwccn  the entry
angle linliL$.  Itccausc the long axis was along 1’, this dictrrtcd  a high latitude,. l’hc current probe delivery
error ellipse is somewhat smaller than the onc used to locate the nominal target, but with similar
oricrrtation.  13ccause  of the rcduccd  size, it is now possible to target to lower la[imdcs  if the projczt  should
desire to do so. 1’o explore this possibility, a Monte Carlo Gaussian distribution of 2000 points was
gcncratcd  to obey the statistics of the Protrc’s 156x 48 km delivery error cllip.sc  ba.scd on a data cut-off at
T–25 days. The zero point of this distribution was moved in the II-plane as far clockwi.sc as possible until
the dispersion cxcccdcd  the cnhy angle lirr]i~s by an arbitrarily chosen 1 % on each side. I’hc cxcrcisc
dcrnonstratcd  that for this lCVC1 of risk the Probe can be targeted to 60” counter-clockwise from ‘l’, at an
-.. . . . ..—

* ‘l”hc “entry angle” is the angle between the tr:ijcctory  and a tangent p]anc to the sphere at the penetration
point, The Cawini Navigation team delivers the Probe to an intcrfacc  rrltitudc  chosen to be well above the
atmosphere, after which the Huygcns tcrrm assrrmcs responsibility for the dcsccnt  to impact.
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entry angle of 63.3*. The target point could bc brought further clockwise if the size of the error cllip.sc  were
dcmca.scd  or if the probability of success were rcduccd.  The size of the error ellip.sc can bc dwcascd either
by delaying the Probe separation time, or by reducing the S1OW of tic curves (mainly the semi-major axis)
in Figure 17. This will be discussed in a following paragraph. Figure 19 also shows the Orbiter dispersion
based on a data cul-~ff at T-5 days. The aim point for the Orbiter is only rcprcscntativc since the
t)laccrnemt  can vary with different mission scenarios (cxcmt  in the radial direction. which is fixed bv the.. .
planned  flyby altitude of 1500 km).
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Figure 19 Probo and Orbiter Monte Carlo dispersions in the Titan
Bplarm.

Sensitivities were explored for variations in data weights, data schcxiulcs,  and the a priori covariances  of
Table 6. The largest effect by far for rca.sonablc variations was found to bc duc to the Titan ccntcr-  finding
error. When solutions were run using 30 and 95 km ccntcr--finding error instead of the nominal 60 km, it
was found that the nearly straight- line behavior of the curve for the semi--major axis @igurc 17) bctwccn
T--l O and T–30 days was retained, but the slope and intcrccpt  values in a slraight--linc approximation,
SMAA = a +- b t , changed nearly proportionally with the size of the error. An approximation which gives
10-20% answers for ccrttcr- finding errors bctwccn  30 and 95 k[ri is given by

S M A A  = CI~14; ( -1.1 - 0.1S t )
where CF13 is ccntcr-finding  error in km, t is in days from Probe entry, and SMAA is in kilometers. Ibis
is completely invalid after 3’--10 days where the unccrtainlics  ICVC1 off.

Hxpcrin]cnLs were also done using only opticrd or radio data. For the radio.  only case, the 3“ium-
rclativc OD was no better than the a priori satellite ephemeris uncertainty, since the radiomctric  data
primarily tics the spacecraft to the system baryccntcr  through the gravity signa[urc.  The Orbiter-Probe
combination did not come sufficiently close to Titan on the firsl  orbit to significantly improve the
cphcrncris uncertainty through the satellite’s gravity signamrc. However, as indicated by analysis in the
tour phase, it should bc possible to tic the spacecraft to Titm through the gravity signature of the first
cncountcr (with a somewhat incrcascd  flyby altitudc  for safct y), dc,livcring  the Probe on a subsequent
cncounr.cr. Ilc optical-only solutions exhibited large unccrtainlics  in the Titan B-plane until late in the
cncountcr. The semi-major axis of the error ellipse was 491 km at T--2Sd,  not going below 150 km until
after T- 17d. Ilis scenario, although bcmcr than the radio-oni y emsc, is not attmctivc  for Probe delivery on
the first orbit.
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q’hc next phase of analysis for the IIuygcns  probe delivery will usc the latest trajectory to verify the
results discussed above. Additionally, optical data for most if not all of the major satellites will be used.
The satellite ephemeris model will also be changed, using integrated Cartesian ortriLs  and variational partials
instead of the conic modeling used thus far.

CONCLUSIONS

Orbit Detcrrnination  for the inner solar syslcm  phase was found to be robusl, with lcr knowledge
uncertainties of 25 km or less for Venus and F,arth flybys under most rca.sonablc assumptions. The number
of paws  for standard Doppler and mngc data t ypcs can be safe] y rcduccd by half during the intemse  data
periods beginning 90 days before each fl yby, with the exception of the Vcnr.rs  1 approach where there was
found to be some sensitivity to pass frequency. llmrc is little need for two-station simultancmus  data types
such as Diffcrcnccd  Doppler and ADOR, except that ADOR &?ta might prove useful for low declination
flybys on contingency missions. The Prwision Range data type can probably be justified on the basis of
somewhat improved OD pcrforrnancc versus low implcrncntation  and operations COSL$. Future analysis will
focus on the period from launch to the first Venus flyby in the prime mission, and on low declination
gcanctrics for flybys on tic contingency missions.

On the approach to Saturn. standard Doppler, fiingc, and optid data make possible a lcr delivery of
about 35 km to the Saturn target plane based on a data cut-off 18 days before the cncountcr.  Standard
radiornctric  and optical data were demonstrated to compliment each other, with optical data determining
target plane position, and radiomctric  data determining arrival tirnc. Little rmd was found for cnhanccd data
types such as Diffcrcnccd Doppler, ADOR, and Precision Range, Some reduction in the quantity of
radiomctric  data seems feasible, but there can be a sign ificmt loss of performance if optical data is reduced.

A typical la Probe delivery to the Titan target plane is 156 km, based on a data cut-off 25 days before
Titan. The Orbiter delivery, for data until 5 days before Titan, is about 35 km. A large sensitivity to Titan
optical center-finding error was demonstrated. No need for enhanced data types, such as Diffcrwwcd Doppler,
ADOR, or Precision Range, was found. Future analysis should conccnlratc  on Probe-Orbiter relative Orbit
Detcrrnination  in support of the tckxomrnunications  link between the two spacecraft during Probe descent
through Titan’s atmosphere. Additionally, cnhancenlcnLs  to the simulation should be made, such as using
more satellites in addition to Titan for optical data, and using more realistic satellite cphcmcrides  and
variational partials.

Rcfcrcnccs 6 and 7 arc included in the Rcfcrcnce section for complctencss,  since they arc the original
source of much of the malcrial  prcscntcd  here.
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APPENDIX

Planet or satellite approach trajectories arc typically described in aiming plane coordinates rcfcrrcd to as
“B-plane” coordinates (SCC Figure A-1). The 11-plane is a plane pawing  through the planet ccnlcr and
perpendicular to the asymptote of lhc incoming trajectory (assuming 2 body conic motion). The “11-vcclor”
is a vector in that plane, from the planet ccntcr to the piercing-point of [hc trajwtory asymptote. l“hc Ll-
vector specifics where the point of closest approach would bc if the target planet had no mass and did not
deflect the flight path. Coordinates arc defined by three orthogonal unit vectors, S, T, and R with the
systcm origin at the ccntcr  of the target body. The S vector is parallel to the spacecraft V- vector
(approximately the velocity vector relative to the target body at the time of entry into the target body’s
gravitational sphere of influcncc).  T is arbitrary, but typically spccificd  to lic in the ecliptic plane (the
mean plane of the Earth’s orbit), or in a body equatorial plane. Finally. R complctcs an orthogonal triad
with S and T,

r TAFIC+ET INCOMING
P~NET A S Y M P T O T E

DIRECTION

AIMING PLANE
(mBPLANE”)

HYPERBOLIC
PATH OF

PLANE’ .

47 SPACECRAH

~“ 1

DISPERSION ELLIPSE
ORIENTATION

Figure A-1 Aiming Piano Coordinate System Definition
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Orbit detmnination  errors can be charaeterizcxl  by a one-sigma B-plane dispersion ellipse, also shown in
Fig. A-1, and the one-sigma uncertainty along the S (or downtrack)  direction. In Fig. A–1, SMIA and
SMAA denote the scrni-minor  and semi-major axes of the dispersion ellipse.
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